NMR spectroscopy has been exploited to investigate the reactions of Hf(IV) organometallic complexes with trialkylaluminium and dialkylzinc, with the aim of obtaining insights into the elementary steps of coordinative chain transfer polymerization (CCTP). Bis-cyclopentadienyl hafnium dime-
Introduction
Chain transfer reactions between transition organometallic complexes and main element alkyls play a crucial role in homogeneous olefin polymerization catalysis.
1 Polymeryl-group migration from active sites to co-catalysts, most frequently aluminium alkyls or methylaluminoxane (MAO), 2,3 is indeed a suitable chain termination process that can be exploited in tuning molecular weight and endgroup structures of resulting polyolefins. 4 This is particularly true in the case of living polymerization, 5 since chain transfer increases the number of chains produced by each catalytic site and decreases the polydispersity. 6 This concept is key in coordinative chain transfer polymerization (CCTP, Scheme ethyl groups of the AlEt3 dimer. 19 The simulation of the VT NMR spectra was hampered by the pres- At 185 K, the 1 H NOESY NMR spectrum of the mixture (Figure 1b) showed the presence of intense exchange cross peaks, revealing that the alkyl exchange occurs also at rather low temperatures.
Interestingly, the bridging ethyl groups of AlEt3 dimer were in exchange with both terminal and Znethyl groups, likely owing to the dissociation/recombination process of the Al dimer. 18a,19 Additionally, the uniform signal broadening with temperature observed in VT 1 H NMR spectra suggested the presence of a unique kinetic constant for all the exchanges. This could be explained assuming the dissociation of the AlEt3 dimer as rate determining step, as already suggested for the AlR3/GaR3 exchange. 
1Me2/ERn mixtures
The reaction of 1Me2 with an excess of ZnEt2 or AlEt3 in benzene-d6 led to the formation of Cp2HfMeEt (1MeEt) and Cp2HfEt2 (1Et2, Scheme 3), as indicated by the appearance of two overlapped signals at dH=1.45 ppm ( 3 JHH=7.8 Hz, 1 JC,H=124.6 Hz) in the 1 H NMR spectrum. They were assigned to the CH3 groups of the Hf-ethyl moieties, in agreement with previous observations.
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Scheme 3. Ethyl transfer from E(Et)n to 1Me2.
In contrast with zirconocenes, 21 ethyl transfer reactions occur slowly at room temperature. For instance, 80% conversion of 1Me2 into 1MeEt and 1Et2 was obtained after 17 hours in the presence of 30 equivalents of ZnEt2 at room temperature. 1Me2 was instead consumed in approximately 85 minutes when 2 equivalents of AlEt3 were used (Figure 2 ). Ethylated hafnocenes showed to be remarkably stable in solution up to 350 K, even if traces of ethane (dH=0.80 ppm) were detected during the reactions, in particular at temperatures above 320 K. Kinetic profiles of methyl-to-ethyl transalkylation at variable temperature were obtained by following the evolution of the 1 H NMR spectra with time, as depicted in Figure 2 . By a qualitative analysis, it is possible to note that the first ethylation is markedly faster than the second one and the concentration of 1MeEt shows a maximum that is dependent on both temperature and Hf/ERn ratio.
These observations are consistent with a consecutive reaction pathway, in which 1Et2 is formed only from 1MeEt and not owing to a double ethylation of 1Me2. show that the first alkyl exchange reaction is 2-4 times faster than the second, independent of the alkylating agent. On the other hand, the main group metal plays a crucial role since reactions with AlEt3 are notably faster than those with ZnEt2. As an example, at 300K kinetic constants obtained in the case of aluminium are twenty times larger than those obtained with zinc. In the case of Al-alkyls, the complication derived from the formation of Al2R6 dimers, which might affect the trans-alkylation kinetics, has to be taken into account. For this reason, reactions of 1Me2 with variable amounts of AlEt3 (1:1, 2:1 and 4:1 Al/Hf ratios) were performed. The kinetic model was modified slightly to take into account possible equilibrium effects ascribed to the lower concen- kcal/mol) could be related to the higher tendency of the latter of forming dimers with metallocenes
and stronger E-Me bonds. 23 The associative transition state should be, in effect, stabilized by Hf-(µ-Me)-ERn bridges, whose formation is preferred with Al-alkyls. there are no cooperative effects, so that the reaction rate is determined by the alkylation of the most efficient metal-alkyl.
2Me2/ERn mixtures
The reaction of 2Me2 with 1 equivalent of ZnEt2 in benzene-d6 afforded a mixture of stable mono-and bis-ethylated complexes, as seen above for 1Me2. Four different Hf-ethyl groups were observed in the 1 H NMR spectrum, with methyl groups resonating at dH=1.75, dH=1.72, dH=1.53 and dH=1.44 ppm ( 3 JHH=8.0 Hz). They were assigned to i) the two diastereotopic (anti and syn with respect to the 2-(Me2CH)-C6H4 substituent) Hf-Et moieties of 2Et2 and ii) the ethyl groups of the two equally populated diastereoisomeric 2MeEt species (Scheme 4). When 1 equivalent of AlEt3 was used, the same reactivity was observed. However, some resonances of reaction products appeared slightly broadened, likely due to dynamic processes. Contrary to what was observed with ZnEt2, the reaction mixture was unstable at room temperature and slow decomposition of AlEt3 to ethane occurred. The kinetic study was performed by using a 5-fold excess of ERn, in order to promote the exclusive formation of 2Et2 and simplify the NOE spectra (Supporting Information). No exchange between anti and syn ethyl groups of 2Et2 was detected, indicating that the interconversion of the two alkyls on the metal center is very slow (or frozen), as also observed for 2Me2. Second order kinetic rate constants were determined from 1 H EXSY spectra taking into account the different populations of the exchanging sites (Experimental Section). In the case of AlEt3, the temperature window was limited by decomposition, which is faster than the measurement time above 300 K. The results reported in Table 2 show that the rate constants of the reversible transalkylation of The effect of AlEt3 concentration was explored by performing 1 H EXSY NMR experiments at different concentrations of hafnium complex and AlEt3 keeping their molar ratio constant, in order to induce the full conversion of 2Me2 and 2MeEt to 2Et2. The results showed that, for 2Et2 at a concentration of 9.5 mM, average rate constants of reversible transalkylation were only 2 times larger than those measured at 34.0 mM ( Figure 5 ). The Eyring analysis of such data allowed a DH ≠ of 7.5±0.3
kcal/mol and a DS ≠ = -28±3 cal·mol/K to be derived (Supporting Information).
When 2Me2 was mixed with 1 equivalent of AlEt3 and 10 equivalents of ZnEt2, the trend of rate constants was similar to that obtained for pure ZnEt2 ( Figure 5 ). For example, the average rate constant measured at 300 K is 4.2 M -1 s -1 , while that of pure ZnEt2 is 3.3 M -1 s -1 at the same temperature. (DDH ≠ =1.8 kcal/mol), in contrast to those observed with 1Me2. This could be due to the higher Lewis acidity of the Hf atom in the pyridylamido complex that prevents the dimerization with AlEt3 through the establishment of bridging interactions. In such a mechanistic scenario, the more electron-rich ZnEt2 could be favored in the interaction with the postmetallocene complex and undergo transalkylation with a lower activation enthalpy.
Metallocenium species/ERn mixtures
The reactivity of cationic hafnocenes with ERn was explored using both mononuclear The timescale of fluxionality was suitable for VT 1 H EXSY NMR experiments and kinetic rate constants were determined by applying a two-site exchanging model. ZnMe2, no sign of reaction was observed in the 1 H NMR spectrum thus suggesting that ZnMe2 has a lower tendency to split the hafnium dimer than that of AlMe3. In addition, no signs of reversible methyl exchange were detected in the 1 H EXSY NMR spectra. After 2 days at room temperature, the starting homobimetallic ion pair was consumed to give 1Me2, CH4 and two new hafnium compounds featuring typical fingerprints of pyridylamido hafnium complexes and a broad singlet at dH=0.73 ppm.
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The latter was assigned to BMe3, reasonably arising from -C6F5 transfer reactions between ZnMe2 and the anion. 28, 30 In agreement, the 19 F NMR spectrum showed the disappearance of starting borate resonances with the formation of many sets of signals that were assigned to Zn(C6F5)2 (dF=-118.4, -153.4
and -160.9 ppm) 30 and Hf-C6F5 moieties (ortho fluorine at dF=-119.4, -121.5, accounting for two F atoms, and -125.5 ppm). Scheme 6. Thermal evolution of pyridylamidoHfMe/ZnMe2 adducts.
In the case of the adduct with AlMe3, the thermal transformation at room temperature was more complex and led to the formation of two prevalent species in a 1:1 ratio, as deduced by the presence of 6 septets due to isopropyl groups in the 1 H NMR spectrum. The 19 F NMR spectrum showed the appearance of both Al-and Hf-C6F5 moieties that, together with the presence of BMe3 in the 1 H NMR spectrum, confirmed borate anion decomposition. Different to what was observed with ZnMe2, an accurate analysis of the long range interactions in the 1 H, 13 C HMQC spectrum revealed that no remetalation of the naphthyl occurred. The first product showed two doublets located at dH=4.60 and 0.98 ppm ( 3 JHH=7.8 Hz, dC=74.1 ppm) and a Al-Me group falling at dH=-0.88 ppm. A 19 F, 1 H HOESY NMR spectrum showed that such resonances had selective NOE interactions with one ortho-F atom belonging to a Hf-C6F5. The second product showed the presence of an Hf-Me group at dH=1.72 ppm (dC=69.5 ppm) that was dipolarly coupled with another ortho-F of an Hf-C6F5 moiety. Full characterization of the complex was hampered by the overlapping of many signals but it was possibile to conclude that aluminium has no tendency to detach from the naphthyl group, opening the route for new deactivation pathways including the formation of bridging Hf-CH2-Al moieties arising from s-bond metathesis.
Conclusions
The reactions of organometallic Hf(IV) complexes with ZnR2 and AlEt3 (R= Me or Et) have been explored by means of NMR spectroscopy, with the main purpose of obtaining insights into alkyl transfer processes that are central to coordinative chain transfer olefin polymerization catalysis. The simplest hafnocene 1Me2 and highly-optimized pyridylamido 2Me2 have been chosen as a case study, in order to contrast a poorly performing metallocene and an industrially relevant post-metallocene featuring the same transition metal. The main conclusion of this work is that the efficiency of the chain transfer is not arising from the nature of the single transition or main group metal complex, but reflects the matching between them. The investigation of the reactivity of neutral dimethyl species with ERn revealed that the ancillary ligand plays a remarkable role in determining both rate and reversibility of alkyl exchange between hafnium and main metal. In fact, metallocene reacts slowly with both ZnEt2 and AlEt3 to give methyl to ethyl exchange, while postmetallocene reacts much faster and reversibly.
Variable temperature kinetic studies relate this difference to the notably lower activation enthalpy of the reaction with 2Et2 (DDH ≠ =8 kcal/mol with ZnEt2) whereas activation entropy values have shown to be large and negative in all the cases, pointing to an associative reaction mechanism. The nature of chain transfer agent was found to be important only in the case of metallocene ethylation, where the alkyl transfer occurs out of the equilibrium. In this case, AlEt3 reacts faster than ZnEt2 due to a lower DH ≠ value. On the contrary, pyridylamido precatalysts undergo fast and reversible alkyl exchange with both Al-and Zn-alkyls with comparable activation barriers, reasonably due to the combination of higher Lewis acidity and less steric encumbrance at the metal centre in postmetallocene framework.
As far as cationic species are concerned, homobimetallic 1(µ-Me)1 ion pair reacts with ERn affording different products whose structure depends on the nature of both E and R. In the case of of the naphthyl group on the Hf atom was observed when E=Zn. This strongly supports that the formation of heterobimetallic adducts with Zn is a reversible reaction, as previously suggested. 16 In the case of the adduct with Al, no remetalation occurs and other decomposition pathways take place leading to the formation of Al-CH2-Hf moieties.
Experimental Section
Materials and methods. All manipulations of air-sensitive materials were performed in flamed Schlenk glassware on a Schlenk line, interfaced to a high-vacuum pump (10 -5 mmHg), or in a nitrogen-filled Vac-Atmosphere glovebox with a high capacity recirculator (<1 ppm O2 and H2O). All solvents were preventively distilled after 12 h reflux over Na and freeze-pump-thaw degassed over Na/K alloy. Benzene-d6 and toluene-d8 were freeze-pump-thaw degassed over Na/K alloy, vacuum transferred into a Schlenk flask with a PTFE valve and stored over activated molecular sieves.
Bis-cyclopentadienyl-hafnium-dimethyl (1Me2) In situ reactions and NMR data. Dimethyl precursors/ERn mixtures were generated within the glovebox, by dissolving the suitable amount of 1Me2 or 2Me2 in approximately 0.7 ml of benzened6 or toluene-d8 and by injecting the required volume of ZnR2 or AlEt3 with a micrometric syringe.
Immediately after mixing, the tube was sealed, transferred out of the glovebox and inserted into a cold bath. 1(µ-Me)1 was synthesized in situ, by loading the suitable amount of 1Me2 and 0. Kinetic measurements. Slow ethylation reactions were performed in J-Young tubes containing cold mixtures of 1Me2 and alkylating agent, which were inserted into the NMR probe and allowed to equilibrate at the desired instrumental temperature. The composition of the reaction mixture was monitored by means of 1 H NMR spectroscopy by acquiring a series of spectra as a function of time.
Concentration versus time plots were obtained by referencing to an external standard and fitted by means of COPASI software package. 32 The reaction plots were interpolated with a two-reactions kinetic model of the type:
where E(Et) and E(Me) are the total concentration of ethyl and methyl groups bound to Al or Zn atoms. Due to the presence of a large excess of alkylating agent, equilibrium effects were neglected. At higher temperatures, a decomposition reaction was added to the kinetic model to take into account the formation of ethane and improve the quality of the fitting.
Fast and reversible exchange rates between 2Et2 and E(Et)n were quantified by means of two- 
